We present montage, a post-processing nucleosynthesis code that combines a traditional network for isotopes lighter than calcium with a rapid algorithm for calculating the s-process nucleosynthesis of the heavier isotopes. The separation of those parts of the network where only neutron-capture and beta-decay reactions are significant provides a substantial advantage in computational efficiency. We present the yields for a complete set of s-process isotopes for a 3 M⊙, Z = 0.02 stellar model, as a demonstration of the utility of the approach. Future work will include a large grid of models suitable for use in calculations of Galactic chemical evolution.
Introduction
The asymptotic giant branch (AGB) is the final stage of the lives of low-and intermediate-mass stars. Evolution during the AGB phase is dominated by thermal pulses (Schwarzschild and Härm 1965) . These cyclical events consist of brief, intense helium-burning pulses interspersed with quiescent hydrogen-burning interpulse phases. This complex behaviour produces significant nucleosynthesis. Of particular significance for the origin of the elements heavier than iron is the s-process. Neutrons produced by the 13 C(α, n) 16 O and 22 Ne(α, n) 25 Mg reactions are captured on to heavy metal isotopes, in particular 56 Fe. Through a sequence of neutron captures and beta decays this process can produce isotopes as heavy as lead and bismuth. The AGB and s-process nucleosynthesis are well covered in the literature; for example, see recent reviews of AGB evolution by Herwig (2005) and the s-process by Busso et al. (1999) , as well as references therein and other contributions in this issue.
The recent history of s-process nucleosynthetic calculations is dominated by the work of Roberto Gallino and his collaborators, and is reviewed in detail elsewhere in this volume. Much of this work has been motivated by the abundant data provided in recent years by the analysis of meteoritic grains (Zinner 2008; Lugaro 2005) and by spectroscopic observations of giant stars (e.g. Lambert et al. 1995; Abia et al. 2002) . Such calculations are challenging for several reasons. One problem is the large computational effort required. For stars that undergo thermal pulses the AGB is, by a large factor, the most difficult part of the evolutionary calculations. In order to reduce their run-time AGB structure calculations usually only include the reactions that generate substantial quantities of energy: the pp-chains, CNO cycles and helium-burning reactions. This allows a small nuclear network to be used. For nucleosynthetic calculations, however, a much larger network is required. To deal with this problem a postprocessing technique is commonly employed, where the calculation of nuclear burning and mixing is decoupled from stellar structure and evolution calculations. The isotopes produced and destroyed via the s-process represent the majority of the nuclear network. One technique to deal with them is to assume an average neutron-absorption cross-section for the heavy isotopes and, by means of a fictitious particle, count the number of neutrons that they absorb (e.g. Busso et al. 1988 ). This then allows those neutrons to be distributed within the s-process network to calculate their nucleosynthetic effect. Alternatively a restricted sprocess network can be used, containing a sub-section of the relevant isotopes (e.g. Karakas et al. 2008) . A third approach has been followed by Straniero et al. (2006) , who present an evolutionary model containing a full nuclear network coupled directly to their stellar evolution code (see also Cristallo et al. 2009 ).
We describe here a numerical technique that allows us to compute the nucleosynthesis of all the relevant isotopes at the same time with a reasonable computational effort. We split the nuclear network into two parts and solve them separately. The lower network comprises all elements up to and including potassium, and some calcium and scandium isotopes. The upper network contains all the heavier isotopes. The code for evaluating the lower network is briefly discussed in Section 2 and that for the upper network, along with the interface between the two, is described in Section 3. We describe a sample model and give its yields in Section 4.
monsoon and the lower network
To model the nucleosynthesis of species less massive than calcium we use monsoon, a post-processing nucleosynthesis code. It calculates the mixing and burning of a user-specified set of isotopes simultaneously using a standard relaxation method. As its input monsoon takes the radius, pressure, temperature, density, mixing length and velocity as a function of mass from separately calculated stellar structure models. We briefly cover the details of monsoon's construction here; for more information the reader is referred to Cannon (1993) , which describes an early version of the code, and Church et al. (in preparation) .
monsoon comprises a one-dimensional, sphericallysymmetric model. Material undergoing convection is split into two streams, one moving upwards and one downwards. In a given timestep material is mixed into each up-flowing cell from the cell below, and similarly into each down-moving cell from the cell above. A gradient in the vertical flow causes material to flow between the two cells in the same level. The ratio of the cross-sectional areas of the up-flowing and downflowing streams can be adjusted. However, in the model computed here we assume that the two streams have the same cross-section.
We adopt a mesh composed of several sections, the number depending on the evolutionary phase. For main-sequence stars the mesh is placed at geometrically spaced intervals in mass, increasing from the core to envelope. When burning shells develop on the RGB and AGB they are treated with two additional sections of mesh each, also with geometrically-spacedbut closer -meshes. Cores and inter-shell regions are treated with meshes spaced at constant intervals in mass. As burning shells move out through the star the sections of mesh that represent them consume points from the region above and release points into the region below as necessary. Otherwise the mesh is held steady to reduce numerical diffusion. Some special treatment is needed to preserve sufficient resolution in the inter-shell region on the AGB and this is discussed in Section 3. It is important to note that the mesh that we adopt does not depend on that used for the structural input. This provides a substantial saving in computational effort; for example, the structure code must place many points in the outer envelope to deal with ionisation zones, whereas very little nucleosynthesis of any interest takes place in the envelope and hence very few points are required. Similarly we choose the timestep independently of that used to calculate the star's structure.
Nuclear reactions are utilised in the parameterised reaclib form of Rauscher and Thielemann (2000) . This utilises a seven-component fit to reaction rates that avoids the need for interpolation in large tables. Multiple fits may be made in the case of complex rates, in particular those exhibiting resonances. For the models presented in this paper we use the recommended rates of Illiadis (private communication).
To produce a 13 C pocket and hence the required source of neutrons in low-mass stars we follow the prescription of (Karakas et al. 2008) . For each thermal pulse where third dredge-up occurs a partially-mixed zone is artificially inserted at the bottom of the convective envelope at its point of maximum penetration into the star. Instead of trying to model the behaviour of the (unknown) process causing this partial mixing, we mimic its effect by modifying the hydrogen abundance to include an exponentially decaying profile just below the base of the convective zone. The capture of these protons by 12 C naturally leads to a pocket of 13 C forming, which burns via the 13 C(α, n) 16 O reaction to produce the dominant neutron source for the s-process in low-mass AGB stars. We find that for a star of this mass (M ≃ 3 M⊙) a reasonable quantity of s-processing is obtained by choosing a zone of mass roughly one tenth that of the intershell region (Karakas et al. 2008) .
Treatment of the s-process
To treat the s-process we use the network of Straniero et al. (2006) for isotopes from 44 Ca to 209 Bi. In this part of the network the only reactions that we consider are neutron captures, beta decays and electron captures. In the conditions found in AGB stars protonand alpha-capture reactions are not significant for these isotopes. Decays that occur rapidly are taken to be instantaneous. The network is terminated by the reactions 210 Pb(n, αββ) The alpha particles produced by these reactions are not fed back into the lower network but are retained within the upper network and do not react. This is unlikely to lead to significant errors as the s-process occurs within helium-rich parts of the star where the contribution of the mechanism to the helium abundance is insignificant. In order to increase the speed of the code such that it can produce useful results, the burning and mixing processes in the upper network are decoupled. A burning step takes place first, using the neutron abundances provided by the lower network, and the resulting isotopic abundances are then mixed. The mixing scheme used is, as in the lower network, that of Cannon (1993) , and again the resulting equations are solved using a standard relaxation method. As a result of this simplification burning only needs to be calculated at a single meshpoint at a time, whereas mixing is only calculated for a single isotope at a time. This removes the need to invert very large matrices and hence makes the problem tractable. It may lead to some small loss of accuracy, but only for reactions that occur on a similar timescale to the mixing processes. Such reactions are, in these models, confined to the lower network, which is why simultaneous mixing and burning is employed there. The neutron capture reactions that dominate the upper network are in general much faster than convective mixing, whereas most of the β decays are rather slower.
For reasons of simplicity the mesh and timestep used by the upper network are taken from the lower network. Occasionally the upper network may require a shorter timestep to converge: in these cases the step is broken into a set of several intervals of equal duration.
In order to resolve the 13 C pocket and resulting sprocess reactions well it is necessary to have good mass resolution in the intershell. We find that a good compromise between adequate resolution and code performance can be achieved by inserting a large number of points, of the order of 50, when the partially mixed zone is included at the point of maximum dredge-up. We then allow the code to add and remove points in the usual manner, provided that the removal of a point does not create a composition discontinuity greater than a factor of 1.3 between any of the lower-network abundances of the newly adjacent points. This is empirically found to retain sufficient resolution during the interpulse period as the pocket burns radiatively. At the peak of the next pulse the intershell convection zone reaches the remainder of the 13 C pocket: the convective motions flatten the composition profile and hence the points are removed.
monsoon and the upper network
The interface between monsoon and the upper network is effected by means of the species 44 Ca and 45 Ca. These two isotopes are included in both networks. Their molar fractions, h ′ , in the lower network are given, in terms of molar fractions h of species in the upper network, by
Ca ≃ 0 where the sum runs over all the species in the upper network. In the lower network there are two reactions that involve both species:
44 Ca(n, γ) 45 Ca and 45 Ca(g) 44 Ca.
The fictitious particle g is included to count the number of neutron captures that the material in the upper network has undergone. The rate of the second reaction is chosen to be very fast, so that any neutron captured produces a g particle in effect instantaneously. This constrains the abundance of 45 Ca in the lower network to be very close to zero at all times, although it could take a small but finite value in regions with a very large neutron exposure. The cross-section, σ44 Ca,n , of the first reaction is calculated as a weighted sum across all the n-capture reactions in the upper network:
σ44 Ca,n = hiσi,n/h
where the sum once again runs over all the species in the upper network. This allows the number of neutrons The helium burning luminosity of our 3 M ⊙ , Z ⊙ star is shown as a function of time during the AGB. The time at the start of the plot is chosen to precede the onset of oscillations in the helium-burning luminosity. The sharp spikes are thermal pulses, a total of 45 of which can be seen.
captured in the upper network to be calculated selfconsistently, and subsequently used to calculate the changes in abundance in the upper network.
Model and yield
As a sample model we present a 3 M⊙, Z = 0.02 star. The structure model sequence was computed using the Monash version of the Mount Stromlo Stellar Structure Programme (monstar, Lattanzio 1986; Frost and Lattanzio 1996) . The opacities used by the code have been updated. At high temperatures we use the OPAL opacities (Iglesias and Rogers 1996) , and at low temperatures the opacity tables from Ferguson et al. (2005) . We use the Kudritzki and Reimers (1978) massloss law on the first giant branch and during core helium burning with η = 0.4, and the AGB mass-loss law of Vassiliadis and Wood (1993) thereafter. Our initial abundances are taken from Anders and Grevesse (1989) . The model was evolved from the pre-main sequence through to the late stages of the AGB where numerical instabilities prevented any further evolution. The helium-burning luminosity as a function of time during the AGB is shown in Figure 1 . Dredge-up takes place during the last 35 thermal pulses: the very final pulse does not evolve as far as dredge-up and hence is not included. At the end of the calculation the model has lost a total of 1.77 M⊙ of material in winds and has a hydrogen-exhausted core mass of 0.71 M⊙, with 0.52 M⊙ remaining in the envelope. Given the massloss rate of 2.16 × 10 −5 M⊙ yr −1 and interpulse period of 3.3 × 10 4 yr prevailing at the end of the simulation this suggests that there are two thermal pulses missing, including the final pulse that does not converge.
We find that we have both a larger final core mass and more thermal pulses than the corresponding model of Karakas and Lattanzio (2007) , which was calculated with a different version of the same code. This is be-cause we have used updated physical data, including a larger mixing length parameter and updated lowtemperature opacities. These changes lead to a later onset of the super-wind, hence a larger core and increased number of thermal pulses.
Nucleosynthesis during a sample pulse
For each pulse with dredge-up we add a partially-mixed zone as described in Section 2. This then goes on to form a 13 C pocket through the capture of protons on to 12 C. As an example we present the evolution of the isotopic abundances during the twelfth thermal pulse. Following Karakas et al. (2008) we add a partiallymixed zone of mass 10 −3 M⊙ -chosen to be about one tenth of the total intershell mass -at the point of maximum dredge-up. Figure 2 shows the effect on the most structurally-important isotopes.
Panel (a) shows conditions 10 3 years after the maximum extent of dredge-up. The partially-mixed zone has been added and has partially burnt already to produce some 14 N and 13 C. Panel (b) is part-way into the interpulse phase. The part of the partially mixed zone with the largest abundance of protons has burnt into CNO equilibrium, so the most abundant CNO isotope is 14 N. Further in to the star a larger quantity of 13 C has been able to form. Panel (c) is from about 2/3 of the way through the interpulse period. The majority of the 13 C formed has burnt to 16 O, via the neutronproducing alpha-capture reaction. The final panel, (d), shows the state of the intershell just before the 13th thermal pulse. The 13 C has been almost completely burned. Figure 3 shows the effect of the 13 C pocket and subsequent neutron production on a selection of sprocess isotopes. The discontinuity between the abundances in the envelope and those in the intershell is caused by previous s-process episodes, caused by the 13 C(α, n)
16 O reaction during the interpulse periods and the 22 Ne(α, n) 25 Mg reaction which is eventually activated at the pulse peaks. The chemical signatures of these previous thermal pulses remain within the intershell region and are mixed at each pulse peak by the partially-overlapping intershell convection zones. The isotopes shown were selected to show the effect of a moderate neutron exposure on isotopes with a range of different formation and destruction pathways and neutron-capture cross-sections.
56 Fe is the initially most abundant s-process isotope and hence the only discernible effect on its abundance is destruction by absorption of neutrons. Similarly, 58 Ni is synthesised in supernovae, not by the s-process: it is also only destroyed by neutron absorption.
59 Co is both produced and destroyed at different mass co-ordinates in the star, depending on the degree of neutron absorption. Starting from the majority seed, 56 Fe, 59 Co requires only three neutrons to be captured and hence is produced in the regions of the pocket with a lower neutron exposure. Towards the centre of the pocket where the neutron flux is higher it is on average depleted. The other two isotopes, 85 Rb and 208 Pb, show only production, as they lie further up the s-process and hence require a large number of neutrons to be absorbed by a seed for their production.
Comparison with single-network approach
As part of the testing process we created a version of monsoon with an extended network, that went as far as 98 Zr. This was used to model the first few thermal pulses of the model, as was a version of montage with a cut-down s-process network. The adopted truncation of the network reduces the runtime for the monsoon calculation to a manageable level, allowing us to compute the models presented here in under a week. The nuclear physics input data for the s-process network in montage was changed so that the same reaction rates were used as in monsoon. A selected set of intershell abundances from the end of the second thermal pulse in both codes are shown in Figure 4 . It can be seen that, phenomenologically, the abundance profiles look very similar but that there are small differences between the abundances calculated, particularly at the point of highest neutron exposure. Closer investigation of the internals of the codes revealed that this was due to the different methods used to interpolate reaction rates in temperature: monsoon evaluates the rate for a given temperature from the reaclib formulae, whereas the s-process network in montage interpolates in log T within a pre-computed table. This leads to a systematically higher reaction rate in montage owing to the shape of the rate function at these temperatures. We found that the differences in abundances were consistent with these inconsistencies in reaction rates.
Yields
Following Karakas and Lattanzio (2007) we provide yields for the isotopes that we include (Tables 1 and 2 ). To save space we present only the initial (Solar) value of the mass fraction for each isotope, Xi(0), and its average value in the ejecta, Xi . Our model still retained some envelope at the point where the evolution terminated, and the composition of this material is included when taking the average. Although we would expect two additional thermal pulses to take place whilst the remaining envelope was being lost they are unlikely to change the yield greatly as they will represent a small fraction of the total number of thermal pulses. A more sophisticated approach would be to synthesise two additional thermal pulses, as in Karakas and Lattanzio (2007) .
The yield, commonly defined as
can be found as pi = [ Xi − Xi (0)] ∆M , where ∆M = 2.29 M⊙ is the total mass lost by the star, including the envelope remaining at the end of the calculation. 
Discussion and future work
Our results demonstrate that we are able to efficiently calculate the nucleosynthesis of a large number of sprocess isotopes, incorporating both the 13 C(α, n) 16 O and 22 Ne(α, n) 25 Mg neutron sources. The nucleosynthesis calculations presented here took approximately one CPU-week of time on a modern desktop computer. As can be seen in Figure 2 we considerably over-resolve the intershell region. The number of points here could most likely be reduced, which would lead to a substantial saving in runtime.
Our next target is to extend these results to a large grid of models. Ideally Galactic chemical evolution calculations need yields at masses separated by about 0.5 M⊙ at intermediate masses, possibly lower at the lowest masses, and much closer metallicity intervals than those currently available (Izzard, private communication) . This will provide a standard, consistent set of yields for use in calculation of Galactic chemical evolution.
monsoon has hitherto always been used with the monstar stellar evolution code. During testing we attempted to use the evolution code of Stancliffe and Jeffery (2007) to provide output to drive montage. This worked very well; a simple approach of writing out every tenth evolution model to the nucleosynthesis code input file provided a frequency of data that converged well. Within the uncertainties provided by differences in reaction rates between the two codes, the light element abundances predicted by the two codes agreed well. We conclude that montage is a general postprocessing nucleosynthesis code, which with a small amount of effort we should be able to use with any stellar evolution code, suitably modified to print out the relevant models. This will allow us, for example, to quantify the uncertainties in nucleosynthesis predictions caused by different evolutionary codes in a self-consistent manner.
Summary
The use of a separate network and subtly different computational technique for the main nucleosynthesis and s-process of a thermally-pulsing AGB star has a substantial advantage in terms of the computational effort required. We have calculated the full s-process yields of a 3 M⊙ star at Solar metallicity, as a demonstration of the utility of the approach. We intend to extend this work to a large grid of simulations suitable for inclusion in Galactic chemical evolution models, as well as by making the code available as a general postprocessing tool. Table 2 . 
